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7KH6HFRQG&,53&RQIHUHQFHRQ%LRPDQXIDFWXULQJ
0DQXIDFWXUHDQGFKDUDFWHULVDWLRQRISRURXV3/$VFDIIROGV
1DWDFKD5RGULJXHV0DWWKHZ%HQQLQJ$QD0)HUUHLUD/XNH'L[RQDQG.HQQ\'DOJDUQR
6FKRRORI0HFKDQLFDODQG6\VWHPV(QJLQHHULQJ1HZFDVWOH8QLYHUVLW\1HZFDVWOH8.
6FKRRORI&KHPLVWU\1HZFDVWOH8QLYHUVLW\1HZFDVWOH8.
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Abstract 
%RQH VFDIIROGV PXVW KDYH DQ DSSURSULDWH SRURVLW\ UDQJH ZLWK DQ LQWHUFRQQHFWHG DQG RSHQ SRURVLW\ DQG KDYH D ELRGHJUDGDEOH UDWH DQG
PHFKDQLFDOSURSHUWLHVWKDWPDWFKWKHLQMXUHGWLVVXH7KHXVHRIFRPPHUFLDOO\DYDLODEOHDQGORZFRVW'SULQWLQJPDFKLQHVRIIHUVWKHDELOLW\WR
IXOILOWKHVHUHTXLUHPHQWV7KHUHIRUHRQHRIWKHDLPVRIWKLVVWXG\ZDVWRPDQXIDFWXUHD3/$VFDIIROGE\DWZRVWHSURXWH'SULQWLQJRID
3/$SRURXVEDUDQG ODVHUFXW3/$VFDIIROGV IURP WKH'SULQWHGEDU/DVHUFXWWLQJGLGQRWFDXVHDQ\VLJQLILFDQWGHJUDGDWLRQ LVVXHVDQG
VFDQQLQJHOHFWURQPLFURVFRS\VKRZHG WKDW'VFDIIROGVKDGFRPSOHWHO\ LQWHUFRQQHFWHGDQGXQLIRUPRSHQSRURVLW\ZLWKSRUH VL]HEHWZHHQ
aWRȝPLQERWKD[LDODQGWUDQVYHUVDOGLUHFWLRQ&RQYHUVHO\PHFKDQLFDOWHVWRI3/$VFDIIROGLQGLFDWHGWKDWERWKFRPSUHVVLYHPRGXOXV
DQGVWUHVVDW\LHOGZHUHGHFUHDVHGE\ WKH ODVHUFXWWLQJVWHSEXW WKH\UHPDLQHGDGHTXDWHIRU WUDEHFXODUERQHUHSODFHPHQW)LQDOO\ WKH LQYLWUR
GHJUDGDWLRQEHKDYLRXURI3/$VFDIIROGVDIWHUZHHNVLPPHUVHGLQ3%6GLGQRWUHYHDOHGDQ\VLJQLILFDQWGHFUHDVHRIZHLJKWPROHFXODUZHLJKW
DQGFRPSUHVVLYHSURSHUWLHV
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHVFLHQWLILFFRPPLWWHHRI7KH6HFRQG&,53&RQIHUHQFHRQ%LRPDQXIDFWXULQJ
.H\ZRUGV%RQH6FDIIROGV)XVHG)LODPHQW)DEULFDWLRQ3RO\ODFWLFDFLG
1. Introduction 
7KHUHDUHDOPRVWRQHPLOOLRQFDVHVRIVNHOHWDOGHIHFWVD\HDU
ZKLFKUHSUHVHQWVDPDMRUFRQFHUQLQERWKWKH86$DQGWKH(8
EHFDXVHRIDVVRFLDWHGVRFLRHFRQRPLFSUREOHPV>@0RUHRYHU
WKHVHQXPEHUVDUHH[SHFWHGWRLQFUHDVHGXHWRZRUOGZLGHOLIH
H[SHFWDQF\ ULVHV &ULWLFDO VL]H ERQH GHIHFWV FDQQRW XQGHUJR
VHOIKHDOLQJWKXVDQLQWHUYHQWLRQLVUHTXLUHGWRUHVWRUHQRUPDO
RSHUDWLRQV$XWRJUDIWVERQHKDUYHVWHGIURPWKHSDWLHQWERG\
DQG DOORJUDIWV ERQH KDUYHVWHG IURP D GRQRU DUH DPRQJ WKH
FXUUHQW SURFHGXUHV DQG DUH RIWHQ DVVRFLDWHG ZLWK GRQRU
PRUELGLW\ DQG GLVHDVH WUDQVPLVVLRQ UHVSHFWLYHO\ >@ 7LVVXH
HQJLQHHULQJ7(KDVHPHUJHGDVDSURPLVLQJLQWHUYHQWLRQIRU
WKHUHSDLUDQGUHJHQHUDWLRQRIERQHGHIHFWVE\RYHUFRPLQJWKH
OLPLWDWLRQVRIWKHVWDQGDUGSURFHGXUHV
2QH RI WKH PRVW LPSRUWDQW DSSURDFKHV RI WKH GHYHORSLQJ
ILHOG RI 7( FRQVLVWV LQ WKH IDEULFDWLRQ RI D SRURXV WKUHH
GLPHQVLRQDO'VFDIIROGZKLFKDFWVDVDWHPSODWHIRUWLVVXH
UHJHQHUDWLRQJXLGLQJFHOOVWRIRUPIXQFWLRQDODQGQHZWLVVXH
,GHDOO\DERQHVFDIIROGPXVWEHELRFRPSDWLEOHELRGHJUDGDEOH
KDYH WKH DSSURSULDWH SRURVLW\ UDQJH DQG LQWHUFRQQHFWLYLW\
UHDGLO\ DYDLODEOH DQG HDV\ WR PDQXIDFWXUH >@  6HYHUDO
JURXSV KDYH UHSRUWHG WKH LPSRUWDQFHRI VFDIIROGSRUH VL]H LQ
VXFFHVVIXOERQHLQJURZWK>@6FDIIROGVZLWKSRUHVELJJHUWKDQ
 P ZHUH DVVRFLDWHG ZLWK JUHDWHU SHQHWUDWLRQ RI
PLQHUDOL]HG WLVVXH DQG FHOO PLJUDWLRQ WRZDUGV WKH VFDIIROG
FHQWHU VWLPXODWLQJ  QXWULHQW VXSSO\ DQG ZDVWH SURGXFWV
UHPRYDO > @ )XUWKHUPRUH D ERQH VFDIIROG PXVW SURYLGH
PHFKDQLFDOO\ IXQFWLRQDOLW\ DQG VWDELOLW\ DOORZLQJ HDUO\ SRVW
RSHUDWLYHIXQFWLRQXQGHUSK\VLRORJLFORDGLQJFRQGLWLRQV
7KH XVH RI $GGLWLYH 0DQXIDFWXULQJ $0 IRU WLVVXH
HQJLQHHULQJKDVEHHQJURZLQJ LQUHFHQW\HDUVE\RYHUFRPLQJ
VRPH OLPLWDWLRQV RI FRQYHQWLRQDO VFDIIROG IDEULFDWLRQ
WHFKQLTXHV>@)RU LQVWDQFH IXVHGILODPHQWIDEULFDWLRQ)))
RIIHUV WKH DELOLW\ WR GLUHFWO\ SULQW ' SRURXV VFDIIROGV ZLWK
SUHGHVLJQHG VKDSH VROYHQWIUHH FRQWUROOHG SRUH VL]H DQG
LQWHUFRQQHFWHG SRURVLW\ %DVHG RQ FRPSXWHUDLGHG GHVLJQ
&$'PRGHOV'SULQWHUVFDQHDVLO\IDEULFDWHDSUHGHVLJQHG
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SDWLHQW VSHFLILF WLVVXH FRQVWUXFW LQ D OD\HUE\OD\HU IDVKLRQ
0RUHRYHU FRPPHUFLDOO\ DYDLODEOH ))) PDFKLQHV FDQ EH
FRQVLGHUHG D ORZ FRVW V\VWHP ZKHQ FRPSDUHG WR RWKHU $0
WHFKQLTXHV +RZHYHU RQH RI WKH GUDZEDFNV RI WKH )))
SURFHVV LV WKDW IDEULFDWHG ' SRURXV VFDIIROGV DUH RIWHQ
FKDUDFWHULVHG E\ FORVHG HGJHV LQVWHDG RI RSHQ SRURVLW\ $W
WLPH RI VFDIIROG LPSODQWDWLRQ WKHVH FORVHG HGJHV FDQ DIIHFW
FHOOELRPDWHULDO LQWHUDFWLRQE\GHFUHDVLQJQXWULHQWVDQGZDVWH
SURGXFWVIORZDQGDIIHFWLQJYDVFXODUL]DWLRQZKLFKLVHVVHQWLDO
IRU WLVVXH JURZWK 7KH FXUUHQW VROXWLRQ IRU DFKLHYLQJ D
VWUXFWXUH ZLWK VXUURXQGLQJ RSHQ SRUHV LQYROYHV FXWWLQJ WKH
HGJHVRIWKHIDEULFDWHGVFDIIROG>@
/DVHUFXWWLQJFDQRIIHUDQHIIHFWLYHSUHFLVHDQGIDVWVROXWLRQ
IRU REWDLQLQJ VFDIIROGVZLWK GHVLUHGVKDSH DQG RSHQ SRURVLW\
IURPDSUHIDEULFDWHG'SULQWHGSRURXVEDU
7KHUHIRUH WKH DLP RI WKLV VWXG\ ZDV WR PDQXIDFWXUH D
VFDIIROG E\ D WZRVWHS URXWH  'SULQWLQJ RI D SRURXV EDU
ZLWK D FRPPHUFLDOO\ DYDLODEOH ))) PDFKLQH DQG  ODVHU
FXWWLQJVPDOOHUVFDIIROGVIURPWKH'SULQWHGEDU
3RO\ODFWLFDFLG3/$ZDVWKHPDWHULDOXVHGWRHYDOXDWHWKH
DSSURDFK  3/$ LV D UHFRJQL]HG ELRPDWHULDO ZKLFK FDQ EH
SURFHVVHG XVLQJ ))) 7R GHWHUPLQH WKH DSSOLFDELOLW\ RI WKH
IDEULFDWHG VFDIIROGV IRU ERQH WLVVXH HQJLQHHULQJPRUSKRORJ\
DQGPHFKDQLFDOEHKDYLRXUZHUHDVVHVVHG
$NH\LVVXHZKHQFKRRVLQJDPDWHULDOIRUWHPSRUDU\WLVVXH
HQJLQHHULQJ WHPSODWHV LV LWV GHJUDGDWLRQ UDWH ,W LV KLJKO\
GHVLUDEOHWRHQVXUHWKDWWKHGHJUDGDWLRQUDWHPDWFKHVWKHVSHHG
RI QHZ WLVVXH UHJHQHUDWLRQ DW WKH GHIHFW VLWH 7KHUHIRUH D
SUHOLPLQDU\ LQYLWURGHJUDGDWLRQVWXG\ LQ3%6DW&RI WKH
IDEULFDWHG3/$VFDIIROGVZDVFDUULHGRXW

2. Materials and Methods 
  
0DWHULDO
$ SRO\ODFWLF DFLG PP ILODPHQW 3/$ '
1DWXUH:RUNVZLWKDQ/ODFWLGH'ODFWLGHUDWLRRIDQG
D GHQVLW\ RI  JFP ZDV WKH PDWHULDO XVHG IRU WKH
H[SHULPHQWDO ZRUN 7KH WHQVLOH PRGXOXV DQG HORQJDWLRQ DW
EUHDNZHUH03D'DQG'UHVSHFWLYHO\
DVUHSRUWHGE\WKHPDQXIDFWXUHU>@&RPPHUFLDOO\DYDLODEOH
3/$DUHLQJHQHUDOFRSRO\PHUVRI3//$DQGSRO\'/ODFWLF
DFLG 3'//$ 3/$ SRO\PHUV ZLWK DQ /ODFWLGH FRQWHQW
PRUHWKDQaWHQGWREHFU\VWDOOLQHZKLOHDORZHUDPRXQW
UHVXOWVLQDPRUSKRXV3'//$>@
6FDIIROGIDEULFDWLRQ
)LJVXPPDUL]HVWKHVFDIIROGIDEULFDWLRQURXWHXVHGGXULQJ
WKLVVWXG\7KHILUVWVWHSFRQVLVWHGLQSULQWLQJ3/$UHFWDQJXODU
SRURXV EDUV ZLWK  [  [ PP ZLWK D FRPPHUFLDOO\
DYDLODEOH ))) PDFKLQH 8OWLPDNHU  7KHQ GLVFV ZLWK 
PP ZHUH ODVHU FXW /6 +3& /DVHU /7' IURP WKH
SULQWHGEDUV 7KHSURFHVVLQJ FRQGLWLRQV XVHG WR FXW WKH3/$
UHFWDQJXODUSRURXVSODWHVZHUHIRXQGWREHWRFXWWZLFHZLWKD
ODVHUVSHHGDQGSRZHURIPPVDQG:UHVSHFWLYHO\
7KH ))) SULQWLQJ SURFHVV FDQ EH GLYLGHG LQ  VWHSV $
GHVLJQ RI WKH ' PRGHO &$' VRIWZDUH E\ FRPELQLQJ
SRURXVOD\HUVPPWKLFNZLWKGHJUHHVRULHQWDWLRQLQ
UHVSHFW WR WKH [D[LV LQZKLFK HDFK OD\HU FRQVLVW RI SDUDOOHO
ILODPHQWV VHSDUDWHG E\ D VSHFLILF JDS GHVLJQHG WR EH 
PPZKLFKLVWKHSRUHVL]H36RIWKHSULQWHGSDUW%WKH'
PRGHO LQ67/ IRUPDW ILOH LV H[SRUWHG WR WKH VOLFLQJ VRIWZDUH
&XUD IURP 8OWLPDNHU ZDV XVHG LQ WKLV VWXG\ ZKHUH LW LV
VOLFHG LQWR KRUL]RQWDO OD\HUV ZLWK D GHILQHG WKLFNQHVV RI 
PPUHVXOWLQJLQD³VOLFHSHUOD\HU´DSSURDFK$WWKHHQGRI
EXLOG VWHS D JFRGH ILOH LV FUHDWHG ZKLFK FRQWDLQV WKH
SDWKFRRUGLQDWHV WKDQ FDQ EH UHFRJQL]HG E\ WKH SULQWHU WR
IDEULFDWH WKH ' PRGHO & ILQDOO\ WKH JFRGH LV VHQW WR WKH
SULQWHU ZKLFK XVHV D WHPSHUDWXUH FRQWUROOHG QR]]OH 
PP WR H[WUXGH WKH 3/$ DQG GHSRVLW WKH VHPLPROWHQ
PDWHULDO RQWR D SODWIRUP LQ D OD\HU E\ OD\HU SURFHVV 7KH
ILODPHQWLVPRYHGE\WZRUROOHUVDQGDFWVDVDSLVWRQWRGULYH
WKHVHPLPROWHQPDWHULDO$WWKHHQGRIHDFKILQLVKHGOD\HUWKH
SODWIRUP LV ORZHUHG DQG WKH QH[W OD\HU LV GHSRVLWHG 7KH
GHVLJQHG REMHFW LV IDEULFDWHG EDVHG VROHO\ RQ WKH SUHFLVH
GHSRVLWLRQ RI WKLQ OD\HUV WKDW DUHPDGH RI SDUDOOHO ILODPHQWV
GHSRVLWHG LQ ; DQG < GLUHFWLRQV $Q DSSUR[LPDWHO\ FXEH
VKDSHGSRURXVVWUXFWXUHZDVIDYRXUHGWRJLYHDVWUXFWXUHZLWK
HTXLYDOHQWDFFHVVLELOLW\IURPDOOWKUHHPDMRUD[HV3DUDPHWHUV
VXFK DV SULQWLQJ VSHHG DQG SULQWLQJ WHPSHUDWXUH QHHG WR EH
FDUHIXOO\ FKRVHQ WR DFKLHYH D FRQVWDQW IORZ UDWH DQG
FRQVHTXHQWO\DFRQVWDQWILODPHQWZLGWK):ZLWKDPLQLPDO
IDEULFDWLRQ WLPH $IWHU SHUIRUPLQJ D SUHOLPLQDU\ VWXG\ WR
DVVHVV WKH EHVW FRPELQDWLRQ RI SULQWLQJ SDUHPHWHUV WKH
WHPSHUDWXUH DQG VSHHG VHOHFWHG IRU SULQWLQJ WKH 3/$ SRURXV
EDUVZHUH&DQGPPVUHVSHFWLYHO\(DFKVDPSOHWRRN
DSSUR[LPDWHO\KRXUIRUEHLQJSULQWHGDQG3/$VFDIIROGV
ØPPGLVFVZHUHODVHUFXWSHUSULQWHGEDU

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)LJ6FKHPDWLFGLDJUDPGHVFULELQJ3/$VFDIIROGPDQXIDFWXULQJURXWHVWHSV
0DWHULDO&KDUDFWHULVDWLRQ
'XH WR WKH VKHDU VWUHVVHV DQG PHOWLQJ SURFHVV WKDW RFFXU
GXULQJSULQWLQJDQG ODVHUFXWWLQJSURFHVVHV3/$GHJUDGDWLRQ
PD\ RFFXU GXULQJ SURFHVVLQJ 7KHUHIRUH 3/$ VDPSOHV ZHUH
H[WUDFWHGDWWKHWKUHH3/$VWDJHVGXULQJVFDIIROGVIDEULFDWLRQ
3/$ ILODPHQW 3ULQWHG3/$DQG/DVHU FXW3/$DQG
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WKHLU PROHFXODU ZHLJKW 0Z DQG WKHUPDO SURSHUWLHV ZHUH
LQYHVWLJDWHG
3/$ VDPSOHV PROHFXODU ZHLJKW 0Z GLVWULEXWLRQ ZDV
GHWHUPLQHG ZLWK JHO SHUPHDWLRQ FKURPDWRJUDSK *3&
HTXLSSHG ZLWK D UHIUDFWLYH LQGH[ 5, GHWHFWRU 9LVFRWHN
9(7KHVDPSOHVZHUHGLVVROYHGLQGLPHWK\OIRUPDPLGH
DQG HOXWHG LQ D VHULHV RI FRQILJXUDWLRQV WKURXJK D 6W\UDJHO
FROXPQ UHIUDFWRU :DWHUV DW D IORZ UDWH RI  P/ PLQ
3RO\VW\UHQH 36 VWDQGDUGV ZHUH XVHG IRU GHWHUPLQLQJ WKH
ZHLJKW DYHUDJH PROHFXODU ZHLJKW 0Z DQG SRO\GLVSHUVLW\
LQGH[3',
7KHUPDO SURSHUWLHV ZHUH GHWHUPLQHG E\ XVLQJ D WKHUPDO
DQDO\VHU V\VWHP /$%6<6 (YR 6HWDUDP 6DPSOHV RI
DSSUR[LPDWHO\PJZHUHORDGHGLQDOXPLQLXPSDQVDQG
DQHPSW\DOXPLQLXPSDQZLWKWKHVDPHZHLJKWDVWKHVDPSOH
SDQ ZDV XVHG DV UHIHUHQFH 7KH VDPSOHV ZHUH KHDWHG IURP
& WR & DW D UDWH RI  & PLQ XQGHU D POPLQ
QLWURJHQ DWPRVSKHUH 0HOWLQJ WHPSHUDWXUHV 7P ZHUH
REWDLQHG DW WKH SHDN RI PHOWLQJ HQGRWKHUPV DQG JODVV
WUDQVLWLRQ WHPSHUDWXUHV 7J ZHUH DFTXLUHG DW WKH LQIOHFWLRQ
SRLQWRIWKHVSHFLILFKHDWFDSDFLW\

6FDIIROG0RUSKRORJLFDODQG0HFKDQLFDO7HVWLQJ

0RUSKRORJLFDO DQDO\VLV RI ' VWUXFWXUHV ZDV FDUULHG RXW
ZLWKD+LWDFKL706FDQQLQJ(OHFWURQ0LFURVFRSH6(0
WRYLVXDOL]HDQGHYDOXDWHWKHDUFKLWHFWXUHRIWKH'VFDIIROGV
DQGVWUXFWXUDOVWDELOLW\RIWKHGHSRVLWHGILODPHQWVDQGOD\HUV
$V KLJKOLJKWHG LQ )LJ IURP WKH WRS YLHZ LPDJHV SRUH
VL]H 36 DQG ILODPHQW ZLGWK ): LQ WKH ;<D[HV ZHUH
PHDVXUHGIRUWKHWRSOD\HUZLWKWKLVDVVXPHGWREHLQGLFDWLYH
RISRUHVL]HVLQWKH;<SODQHWKURXJKRXWWKHVWUXFWXUH7KH36
LQ ;=D[HV RU 36 LQ WKH WUDQVYHUVDO GLUHFWLRQ ZDV PHDVXUHG
IURPWKHFURVVVHFWLRQLPDJHVDIWHUFXWWLQJWKHVDPSOHZLWKD
VFDOSHO7KH36DQG):YDOXHVZHUHREWDLQHGE\DQDYHUDJH
RI ILYH PHDVXUHPHQWV DQG H[SUHVVHG DV PHDQ  VWDQGDUG
GHYLDWLRQ6'


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Fig.2. 3D model of porous structure with: Top view or XY axes and b) 
Cross section or XZ axes with a 3-layer approach.  PS=pore size and 
FW= filament width.
7KH DYHUDJH VFDIIROG SRURVLW\ 3 ZDV HYDOXDWHG E\ WKH
IROORZLQJ(T

ܲ ൌ ͳ െ ߩ௦௖௔௙௙௢௟ௗȀߩ௠௔௧௘௥௜௔௟

:KHUHߩ݉ܽݐ݁ݎ݈݅ܽLVWKHGHQVLW\RIWKHPDWHULDORIZKLFKWKH
VFDIIROG LV IDEULFDWHG 3/$ GHQVLW\   JFP DQG
ߩݏ݂݂ܿܽ݋݈݀LV WKH DSSDUHQW GHQVLW\RI WKH VFDIIROGPHDVXUHG
E\GLYLGLQJWKHZHLJKWE\WKHYROXPHRIWKHVFDIIROG>@
&RPSUHVVLRQ SURSHUWLHV RI SRURXV 3/$ VDPSOHV DW
GLIIHUHQW VWDJHV RI VFDIIROG IDEULFDWLRQ ZHUH LQYHVWLJDWHG WR
DVVHVV WKH LQIOXHQFH RI SURFHVVLQJ RQ WKH PHFKDQLFDO
EHKDYLRXU &RPSUHVVLRQ VDPSOHV [[PP ZHUH
SUHSDUHGZLWKURXWHVSRURXVVDPSOHVZHUH'SULQWHGDV
H[SODLQHG LQ )LJ ))) SURFHVV DQG  VDPSOHV ZHUH ODVHU
FXW IURPSULQWHGSRURXVEDUV$ WKLUGJURXSRI3/$VDPSOHV
ZLWKDQRWLRQDOO\ IXOO\GHQVH VWUXFWXUHZHUHDOVRSULQWHGDQG
WHVWHG WR REWDLQ WKH PDWHULDO FRPSUHVVLYH SURSHUWLHV UDWKHU
WKDQ WKH DSSDUHQWVWUXFWXUDO FRPSUHVVLYH SURSHUWLHV $OO
VDPSOHV JURXSV ZHUH WHVWHG XQGHU D[LDO FRPSUHVVLRQ E\
ORDGLQJ DW D VSHHG RI PPV ZLWK D  N1 ORDG FHOO XS WR D
VWUDLQOHYHORIDSSUR[LPDWHO\7KHFRPSUHVVLRQPRGXOXV
ZDVFDOFXODWHGIURPWKHVWUHVVVWUDLQFXUYHDVWKHVORSHRIWKH
LQLWLDO OLQHDU SRUWLRQ RI WKH FXUYH &RPSUHVVLYH VWUHQJWK DW
\LHOGZDVGHWHUPLQHG IURPWKHILUVWSRLQWRQ WKHVWUHVVVWUDLQ
FXUYHDWZKLFKDQLQFUHDVHLQVWUDLQZDVREVHUYHGZLWKRXWDQ
LQFUHDVH LQ VWUHVV 7KH FRPSUHVVLRQ PRGXOXV DQG \LHOG
VWUHQJWK IRUDQ\JLYHQVHWRI VSHFLPHQVZHUHREWDLQHGE\ DQ
DYHUDJH RI ILYH PHDVXUHPHQWV DQG H[SUHVVHG DV PHDQ 
VWDQGDUGGHYLDWLRQ6'
,QYLWURGHJUDGDWLRQVWXG\RI3/$6FDIIROG
$Q LQ YLWUR GHJUDGDWLRQ VWXG\ RI WKH SRURXV 3/$ VFDIIROGV
ODVHU FXW IURPSULQWHG EDUZDV FDUULHG RXW LQ 3%6 VROXWLRQ
XQGHU S+  DW &  %HIRUH LPPHUVLRQ WKH VDPSOHV ZHUH
WUHDWHG ZLWK DLU SODVPD E\ SODFLQJ WKH VFDIIROGV LQ D
UDGLRIUHTXHQF\ SODVPD FKDPEHU 3'&*+DUULFN3ODVPD
86$ IRU  PLQXWHV ZLWK D PHGLXP LQIORZ RI DLU 3ODVPD
FOHDQLQJ ZDV DSSOLHG LQ RUGHU WR REWDLQ D PRUH K\GURSKLOLF
3/$ VXUIDFH LPSURYLQJ VDPSOH ZHWWLQJ XSRQ LPPHUVLRQ
$IWHUZDUGV WKH VDPSOHV ZHUH SODFHG LQ PO ZHLJKLQJ YLDOV
FRQWDLQLQJPO3%6VROXWLRQDQGZHUHVWRUHGLQDQLQFXEDWRU
DW&IRUXSWRZHHNV$WZHHNO\LQWHUYDOVWKHS+RIWKH
3%6 VROXWLRQ ZDV PHDVXUHG E\ S+PHWHU DQG WKHQ UHSODFHG
ZLWKIUHVK3%6$WDSSUR[LPDWHO\ZHHNLQWHUYDOVVDPSOHV
RI HDFK VFDIIROG W\SH ZHUH UHPRYHG IURP WKH YLDOV IRU
FKDUDFWHUL]DWLRQ &KDUDFWHULVDWLRQ RI VDPSOHV FRQVLVWHG LQ
DVVHVVLQJ WKH FRPSUHVVLYH SURSHUWLHV ZLWK VDPSOHV VWLOO LQ D
ZHW VWDWH ZLWK WKHSURFHGXUHGHVFULEHGSUHYLRXVO\ LQVHFWLRQ
  'XH WR WKH GHVWUXFWLYH QDWXUH RI FRPSUHVVLRQ WHVWLQJ
DQRWKHUJURXSRIVDPSOHVZDVYDFXXPGULHGIRUKDQGZDV
FKDUDFWHUL]HG LQ WHUPV RI PROHFXODU ZHLJKW ZLWK WKH
SURFHGXUHGHVFULEHGLQVHFWLRQDQGWKHVDPSOHGU\ZHLJKW
ZDV UHFRUGHG ZLWK DQ DQDO\WLFDO EDODQFH $OO WKH
FKDUDFWHULVDWLRQUHVXOWVZHUHSUHVHQWHGDVDQDYHUDJHYDOXHRI
WKUHHPHDVXUHPHQWV6'
3. Results 
6FDIIROG)DEULFDWLRQ
3/$ VFDIIROGV )LJ% ZHUH VXFFHVVIXOO\ ODVHU FXW IURP D
SULQWHGSRURXVEDU)LJ$$VLWFDQEHVHHQLQ)LJ&WKH
ODVHUFXWVDPSOHSUHVHQWHGDZHOOGHILQHGVWUXFWXUHZLWKRSHQ
SRUHV

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)LJ 3/$ VFDIIROG IDEULFDWLRQ SURFHVV$ 3RURXV 3/$SULQWHGEDUZLWK D
]RRPLQFHQWUHDUHDRIWRSYLHZSLFWXUHDFTXLUHGZLWKDVWHUHRPLFURVFRSH
%/DVHUFXWGLVFIURP$DQG&/DVHUFXWGLVFVXUURXQGLQJHGJHV
0DWHULDO&KDUDFWHULVDWLRQ
7DEOHVKRZVWKHUHVXOWVRI'6&DQG*3&DQDO\VLV,WFDQ
EH REVHUYHG WKDW WKH 0Z YDOXH RI 3/$ GHFUHDVHG
DSSUR[LPDWHO\  GXULQJ ))) SURFHVVLQJ 7KH VDPH WUHQG
ZDV VHHQ IRU WKH JODVV WUDQVLWLRQ WHPSHUDWXUH WKDW KDV
GHFUHDVHG IURP & WR & 7KH VOLJKWO\ GHFUHDVH RI ERWK
0ZDQG7JDIWHUODVHUFXWWLQJZDVQRWVLJQLILFDQW

7DEOH9DOXHVREWDLQHGIURP*3&DQG'6&DQDO\VLVRI3/$DWGLIIHUHQW
VWDJHVRISURFHVVLQJ



0RUSKRORJLFDODQG0HFKDQLFDO%HKDYLRURI3/$VFDIIROG
6(0LPDJHVRIWRSYLHZDQGFURVVVHFWLRQRIODVHUFXW3/$
VFDIIROG DUH SUHVHQWHG LQ )LJ  )URP ERWK YLHZV LW LV
SRVVLEOH WR REVHUYH D XQLIRUP SRUH GLVWULEXWLRQ DQG ZHOO
GHILQHG JHRPHWU\ $OVR LQ WKH FURVV VHFWLRQ YLHZ WKH
VFDIIROGV ZHUH FKDUDFWHULVHG E\ D JRRG LQWHUOD\HU DGKHVLRQ
DQG HDFK OD\HU LV UHSUHVHQWHG E\  VOLFHV DV GHILQHG GXULQJ
EXLOGVWHSLQWKH³VOLFHSHUOD\HUDSSURDFK´








)LJ 6(0 LPDJHV RI ODVHU FXW 3/$ VFDIIROG $ 7RS YLHZ ZLWK ;
PDJQLILFDWLRQDQG%0LGGOHFURVV6HFWLRQ

7KHPHDVXUHGYDOXHVRI36 LQ;<DQG;=D[HV):DQG
SRURVLW\DUHVXPPDUL]HGLQ7DEOH



$IWHUSULQWLQJLWZDVREVHUYHGWKDWWKH36LQWKH;<D[HV
ZDVORZHUWKDQWKHYDOXHVVHWGXULQJGHVLJQ5HJDUGLQJWKH36
LQWKHWUDQVYHUVDOGLUHFWLRQWKHYDOXHVDIWHUSULQWLQJZHUHYHU\
FORVHWRWKHRQHVGHILQHGGXULQJGHVLJQVWHS
7KHUHSUHVHQWDWLYHFRPSUHVVLRQEHKDYLRXURIWKHIDEULFDWHG
3/$ VFDIIROG LV UHSUHVHQWHG LQ )LJ 7KUHH VWDJHV ZHUH
REVHUYHG  DQ LQLWLDO OLQHDU HODVWLF UHJLRQ IROORZHG E\  D
SODWHDXRIDOPRVWFRQVWDQWVWUHVVEXWLQFUHDVLQJVWUDLQZKLFKLV
WHUPLQDWHGE\DQH[SRQHQWLDOLQFUHDVHLQVWUHVVXQWLOWKHWHVW
HQGV

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






)LJ 6WUHVVVWUDLQ FXUYH RI 3/$ VFDIIROG XQGHU FRPSUHVVLRQ ORDGLQJ 7KH
VWDJHVDUHGHVFULEHGVFKHPDWLFDOO\DQGH[SODLQHGLQWKHGLVFXVVLRQVHFWLRQ

7KHLQIOXHQFHRIODVHUFXWWLQJDIWHUSULQWLQJRQFRPSUHVVLRQ
SURSHUWLHVZDVLQYHVWLJDWHGDQGWKHFRPSUHVVLYHPRGXOXVDQG
VWUHVVDW\LHOGYDOXHVREWDLQHGDUHVXPPDULVHGLQ)LJ$%
:KHQFRPSDULQJ WKH LQIOXHQFHRI WKH VWUXFWXUDO SURSHUWLHV
LQ WKH FRPSUHVVLRQ EHKDYLRXU 3/$ VDPSOHVZLWKPRUH YRLG
VSDFHSRUHVSUHVHQWHGORZHUYDOXHV5HJDUGLQJWKHLQIOXHQFH
RIWKHIDEULFDWLRQVWHSVDIWHUODVHUFXWWLQJWKH3/$SUHVHQWHG
ORZHUFRPSUHVVLYHSURSHUWLHVZLWKDGHFUHDVHRIaLQWKH
FRPSUHVVLYHPRGXOXVDQGRIaLQWKHVWUHVVDW\LHOG

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
)LJ&RPSUHVVLRQSURSHUWLHVRIGHQVH3/$DQGSRURXV3/$SULQWHGDQG
3/$ODVHUFXWIURPDSULQWHGEDU3/$VFDIIROG$6WUHVVDW\LHOGDQG%
&RPSUHVVLYHPRGXOXV$YHUDJHYDOXHVZHUHSORWWHGZLWK6'
 0Z 3', 7J 7P
3/$)LODPHQW    
3/$3ULQWHG%DU    
/DVHUFXW3/$VFDIIROG    
 'HVLJQHGYDOXHVPP 3/$VFDIIROGPP
36;<SODQH  
36;=SODQH  
):  
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,QYLWURGHJUDGDWLRQEHKDYLRU
7KH S+YDULDWLRQ GXULQJ WKH LQ YLWUR GHJUDGDWLRQ VWXG\ LV
VKRZQLQ)LJ,WKDVUHPDLQHGXQFKDQJHGIRUXSWRZHHNV
DURXQGLWVLQLWLDOYDOXHS+a$WZHHNWKHS+GHFUHDVHGWR
a DQG LW UHPDLQHG DURXQG WKLV YDOXH XQWLO WKH HQG RI 
ZHHNV VWXG\  7KH ZHLJKW RI 3/$ VFDIIROGV UHPDLQHG DOVR
UHODWLYHO\FRQVWDQWWKURXJKRXWGHJUDGDWLRQRIZHHNV












)LJ&KDQJHRIS+RI3%6VROXWLRQXVHGIRU LQYLWURGHJUDGDWLRQRISRURXV
3/$VFDIIROGV

7KH 0: DQG FRPSUHVVLYH SURSHUWLHV HYROXWLRQ DUH
LOOXVWUDWHGLQ)LJ$&7KHFRPSUHVVLYHSURSHUWLHVUHPDLQHG
FRQVWDQW GXULQJ  ZHHNV +RZHYHU DW ZHHN  WKHUH ZDV D
VLJQLILFDQW LQFUHDVH LQ WKH FRPSUHVVLYH PRGXOXV IURP a
03D WR a 03D 7KH PROHFXODU ZHLJKW 0: RI 3/$
VFDIIROG )LJ&GLG QRW SUHVHQW VLJQLILFDQW FKDQJHV DIWHU 
ZHHNVRILPPHUVLRQLQ3%6
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)LJ5HVXOWVIURPLQYLWURGHJUDGDWLRQVWXG\RI3/$VFDIIROGVLQ3%6DW
&$6WUHVVDW\LHOG%&RPSUHVVLRQPRGXOXVDQG&$YHUDJH0ROHFXODU
:HLJKW0Z$YHUDJHYDOXHVRIWKUHHUHSOLFDWHVZHUHSORWWHGZLWK6'
4. Discussion 
0DWHULDO'HJUDGDWLRQ
$GHFUHDVH LQ WKHJODVV WUDQVLWLRQ WHPSHUDWXUHGXULQJ3/$
)))IDEULFDWLRQZDVDOVRREVHUYHGE\'LHWPDUHWDO >@FDQ
EHDWWULEXWHG WRGHJUDGDWLRQRI WKHSRO\PHUGXULQJH[WUXVLRQ
7KH GHFUHDVHG PROHFXODU ZHLJKW DIWHU SURFHVVLQJ FRXOG
DFFHOHUDWHWKHLQYLYRGHJUDGDWLRQUDWH
3/$VFDIIROG0RUSKRORJ\DQG0HFKDQLFDO%HKDYLRXU
7KHRUHWLFDOO\ WKH H[WUXGHG ): VKRXOG DFFRUG ZLWK WKH
QR]]OHGLDPHWHUZKLFKZDVPPIRUWKH)))PDFKLQHXVHG
LQ WKLV ZRUN RU LW VKRXOG EH VOLJKWO\ KLJKHU > @ )RU
LQVWDQFH 'RPLQJRV HW DO >@ UHSRUWHG ): YDOXHV EHWZHHQ
aPPZKHQH[WUXGLQJDVWDUFKEDVHGSRO\PHU3&/
WKURXJKDQR]]OHZLWKDGLDPHWHURIPPDQGYDU\LQJWKH
H[WUXVLRQSDUDPHWHUV7KLVLVDOVRLQOLQHZLWKWKHILQGLQJVRI
+RTXH HW DO >@ ZKR KDYH REVHUYHG WKH VDPH ZKHQ
H[WUXGLQJ3/*$7KH36ZLGWKLQ;<RIaPPYVWKH³DV
GHVLJQHG´  PP FDQ EH H[SODLQHG E\ WKH LQFUHDVHG
REWDLQHG):YDOXHDVWKHVXPRI)'DQG36ZLOOEHFRQVWDQW
7KH PHFKDQLFDO SURSHUWLHV RI ' VWUXFWXUHV DUH DQ
LPSRUWDQWIHDWXUHZKHQFRQVLGHULQJWKHVFDIIROGDSSOLFDWLRQLQ
ERQH WLVVXH HQJLQHHULQJ ,Q WKLV VWXG\ WKH 3/$ VFDIIROG
FRPSUHVVLRQ EHKDYLRU ZDV LQYHVWLJDWHG DQG WKUHH UHJLPHV
ZHUHREVHUYHGDVVKRZQLQ)LJ(DFKUHJLPHFRUUHVSRQGVWR
D VSHFLILF PHFKDQLVP RI FHOO GHIRUPDWLRQ DV KLJKOLJKWHG E\
WKHVFKHPDWLFGHVLJQVRIDSRURXVVWUXFWXUHQH[WWRHDFKVWDJH
)LJ ,Q WKH ILUVW VWDJH WKH SRUH ZDOOV FRQWULEXWH WR WKH
UHVLVWDQFHWRWKHFRPSUHVVLYHORDGZKLFKUHVXOWVLQDQHODVWLF
UHVSRQVHWRWKHORDG,QVWDJH WKHSRUHVFROODSVHE\HODVWLF
EXFNOLQJRIWKHZDOOV$WVWDJHWKHODUJHLQFUHDVHLQPRGXOXV
LVH[SODLQHGE\WKHVFDIIROGVQRZEHLQJHIIHFWLYHO\IXOO\GHQVH
DQG IXUWKHUGHIRUPDWLRQ FRPSUHVVLQJ WKHPDWHULDO LWVHOI7KH
FRPSUHVVLRQ EHKDYLRXU IRXQG LQ WKLV ZRUN DJUHHV ZLWK WKH
EHKDYLRU REVHUYHG LQ RWKHU SRO\PHULF VFDIIROG VWXGLHV >
@
$FFRUGLQJ WR WKH FRPSUHVVLRQ WHVW UHVXOWV VXPPDUL]HG LQ
)LJ3/$ODVHUFXWWLQJSURFHVVOHGWRD VLJQLILFDQWGHFUHDVH
LQ ERWK VWUHVV DW \LHOG DQG FRPSUHVVLYH PRGXOXV 7KLV
EHKDYLRXU FRXOG EH FDXVHG PDLQO\ E\ GLIIHUHQFHV LQ
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PRUSKRORJ\ 7KH PRUH RSHQ SRURVLW\ PHDQV WKDW WKHUH LV
VRPH³UHGXQGDQW´PDWHULDODWWKHHGJHVRIWKHVFDIIROGZKLFK
ZLOO QRW EH ORDG EHDULQJ  +RZHYHU IRU D UHODWLYHO\ VPDOO
VDFULILFH LQ PHFKDQLFDO SURSHUWLHV WKH KLJKHU RSHQ SRURVLW\
FRXOG IDFLOLWDWH QXWULHQWV VXSSO\ DQGZDVWH UHPRYDO DQG WKXV
HQKDQFHYDVFXODUL]DWLRQDQGFHOOVXUYLYDOLQWRWKHLQQHUSDUWRI
WKHVFDIIROG
7KHW\SLFDOFRPSUHVVLYHVWUHQJWKRIFDQFHOORXVERQHUDQJHV
IURP  WR 03D DQG LWVPRGXOXV LV LQ WKH UDQJH RI ±
*3D>@ VXJJHVWLQJWKDWWKHODVHUFXW3/$VFDIIROGVZRXOG
EHDSSURSULDWHIRUWKLVDSSOLFDWLRQ
,Q9LWUR'HJUDGDWLRQ%HKDYLRXU
3/$ VFDIIROGVZHUH LPPHUVHG LQ 3%6 IRU ZHHNV DQG DW
ZHHNDVPDOOS+GHFUHDVHZDVREVHUYHG)LJ7KLVFRXOG
SRVVLEO\ EH DQ LQGLFDWRU RI SRO\PHU GHJUDGDWLRQ DV WKH E\
SURGXFWV RI 3/$ JHQHUDWH DQ DFLGLF HQYLURQPHQW +RZHYHU
3/$ VFDIIROG ZHLJKW PROHFXODU ZHLJKW DQG FRPSUHVVLYH
SURSHUW\YDOXHVGLGQRWGHFUHDVHIRUZHHNVVXJJHVWLQJWKDW
WKH VFDIIROG GLG QRW GHJUDGH VLJQLILFDQWO\ RYHU WKH  ZHHN
SHULRG  7KH LQFUHDVH LQ FRPSUHVVLYH PRGXOXV DW ZHHN  LV
FRQVLGHUHGWREHDQRPDORXV
5. Conclusions  
$GGLWLYH PDQXIDFWXULQJ LQ SDUWLFXODU WKH ))) ORZFRVW
V\VWHP XVHG LQ WKLV ZRUN LV VXLWDEOH IRU IDEULFDWLQJ '
SRURXV VWUXFWXUHV ZLWK FRQWUROOHG SRUH VL]HV RI JUHDWHU WKDQ
PDQGLQWHUFRQQHFWHGSRURVLW\
/DVHU FXWWLQJ RI ' SULQWHG 3/$ VFDIIROGV GLG QRW DIIHFW
WKHPROHFXODUZHLJKW DQG WKHUPDOSURSHUWLHVRI WKHSRO\PHU
EXW GLG VOLJKWO\ GHFUHDVH LQ WKH PHFKDQLFDO SURSHUWLHV E\
UHPRYLQJ WKHFDSDFLW\ IRU VRPHPDWHULDOZLWKLQ WKH VWUXFWXUH
WR VXSSRUW ORDG +RZHYHU WKH 3/$ VFDIIROGV FRPSUHVVLYH
SURSHUWLHV ZHUH IRXQG WR EH DSSURSULDWH IRU WUDEHFXODU ERQH
DSSOLFDWLRQV
$IWHUEHLQJLPPHUVHGIRUZHHNVLQ3%6DW&ODVHUFXW
3/$ VFDIIROGV GLG QRW VKRZQ DQ\ VLJQLILFDQW GHFUHDVH LQ
ZHLJKWFRPSUHVVLYHSURSHUWLHVDQGPROHFXODUZHLJKW
2YHUDOO WKH  VWHS PDQXIDFWXULQJ URXWH XVHG LQ WKLV ZRUN
OHG WR WKH IDEULFDWLRQ RI SURPLVLQJ PHFKDQLFDOO\ VWDEOH
VFDIIROGVZLWKZHOOGHILQHGDQGRSHQDUFKLWHFWXUHV

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